The present study aims at investigating bead geometry and the evolution of microstructure with thermal cycles in multipass shielded metal arc welding of a V-groove 13-mm type-2507 super-duplex stainless steel (SDSS) plate. The weld consisted of 4 beads produced with arc energies of 0.81-1.06 kJ/mm. The upper beads showed lower base metal (BM) dilution than the first bead. Thermal cycles were recorded with thermocouples, indicating that the cooling rate decreased in the as-deposited weld zone when adding a new bead. Ferrite fraction in the as-welded condition was lower for the upper beads. The austenite grain morphology in reheated passes varied depending on the local peak temperatures and the number of reheating passes. Sigma phase precipitated in a location reheated by the third and fourth passes that was subjected to a critical peak temperature for sigma precipitation. Ferrite content, measured using image analysis and Fisher FERITSCOPE technique, showed that the ferrite fraction moved toward 50/50% in the weld metal with an increasing number of reheating cycles. Finally, a schematic map showing an overview of the microstructure in the multipass SDSS weld was introduced.
Introduction
Duplex stainless steels (DSS), with a ferritic-austenitic microstructure, provide an excellent combination of high corrosion resistance and good mechanical properties [1] . Super-duplex stainless steels (SDSS), containing a higher content of alloying elements compared with lean and standard DSS, are used in harsher corrosive environments [2] . It has been claimed that an equal fraction of ferrite and austenite provides the best combination of properties in DSS [3] , which is normally difficult to achieve during final fabrication such as welding. In addition, the precipitation of secondary phases is another challenge during the fabrication of DSS, particularly in SDSS with a higher content of alloying elements [4, 5] .
Welding creates complex thermal cycles and the weld metal normally has different chemical composition compared with the base metal (BM) due to the use of filler material and shielding gas as well as the reaction of the melt pool with the arc atmosphere [6] [7] [8] . Therefore, special care is needed to choose proper welding parameters to produce a satisfactory SDSS weld microstructure. The situation is more complicated in multipass welds and wire-based additive manufacturing, as different locations in the material experience multiple thermal cycles with different peak temperatures [9] .
Welds consist of base material, heat affected zone (HAZ) and the weld zone. In multipass welds, previously deposited beads are reheated by the deposition of new beads. Duplex stainless steel welds have two different types of HAZ: hightemperature heat-affected zone (HT-HAZ) and lowtemperature heat-affected zone (LT-HAZ). High ferrite fraction and some nitride particles are often present in HT-HAZ of DSS welds, which is located next to the fusion boundary (FB) [10, 11] . The LT-HAZ is located further away from the FB, where sigma and chi phase may form due to slow cooling or multiple reheating to 800-1000°C [12] [13] [14] .
The weld zone has a cast microstructure with a ferritic matrix and different types of austenite [15] . The study of the weld zone microstructure is complicated because this region is subjected to melting and solidification. Compared with the BM, the weld zone has a different chemical composition combined with a different distribution of alloying elements in the sub-microstructure [16] . The situation becomes even more challenging when this region is reheated during multipass welding. Weld metal chemical composition and welding thermal cycles are important factors in producing the final weld zone microstructure. Four factors control weld zone chemical composition: filler metal, shielding gas, dilution with base metal and element loss during welding. Filler metals in duplex stainless steels have normally a higher nickel content compared to the base metal to promote austenite formation [17] . In gas-tungsten arc welding (GTAW), nitrogen-containing shielding gas is also used to promote austenite formation and compensate for nitrogen loss [18] . The weld zone dilution with base metal is also altered with welding parameters and joint preparation, which can influence the chemical composition of the weld zone [19] . Welding thermal cycles can be simply described by cooling time and number of welding passes [20] ; however, a more detailed study is needed to investigate their different combinations to achieve the desired phase fraction in multipass welds. For instance, rapid cooling through the austenite formation temperature range produces a more ferritic microstructure with possible nitride formation. Slow cooling in 600-1000°C results in the precipitation of unwanted detrimental secondary phases [21] . In multipass welding, the reheating to the critical temperature ranges introduces more complex microstructures with possible precipitation of secondary austenite and intermetallics [4] .
The evolution of microstructure in single pass SDSS welds has been the subject of much research [22] [23] [24] . In SDSS single pass welds [24] , a ferrite fraction of 45-65% was measured on the cross section of 13 welds, which is an acceptable ferrite fraction according to standards. Nitride precipitation is not avoidable in HT-HAZ and occurs due to the high peak temperature followed by rapid cooling after welding. Nitrides can to various extents sometimes also be found in the weld metal.
The situation, however, is more complex in SDSS multipass welds. The final microstructure of the weld zone after multipass welding has been the subject of several studies [25, 26] . By contrast, few have investigated the evolution of microstructure in each bead of a multipass weld by stepwise adding the beads. This kind of research is of vital importance for the welding of SDSS, as it shows how microstructure evolves with adding new beads. From a metallurgical point of view, it can improve the design of welding procedures to have the best phase balance with an acceptable distribution of ferrite in each individual bead as well as in different beads. From the modelling point of view, it provides very useful information to correlate the microstructure evolution with thermal and thermodynamic simulations. The work aims at analysing the thermal cycles, weld pool geometry and microstructure in a V-groove 13-mm 2507 SDSS plate fabricated by multipass shielded metal arc welding (SMAW).
Methodology

Materials and welding
Type 2507 (UNS32750) super-duplex stainless steel plate with the dimensions of 400 × 100 × 13 mm was used for welding. The chemical compositions of the plate and welding electrode are presented in Table 1 . AV-groove was machined along the centreline of the plate. Figure 1 shows the dimension and the designation of the 16 thermocouples used for recording the thermal cycles. In addition, four thermocouples were harpooned into the weld pool for each weld pass when the arc passed. The positions of thermocouples were selected to cover thermal cycles in different locations of the joint producing enough data for calibration of future temperature field modelling. As exposure to the arc may influence the thermocouples close to the fusion zone in the groove, six holes were drilled to place thermocouples TC8-12 from the backside of the plate.
The groove was filled with four beads using welding parameters detailed in Table 2 . Shielded metal arc welding was performed using a Miller XMT power source.
In order to study the evolution of microstructure bead by bead, the length of beads was successively reduced to leave some part of the previous beads uncovered. The schematic of the weld production approach and sectioning of the beads is shown in Fig. 2 . The same procedure has previously been employed by Bermejo et al. [27] and Putz et al. [28] to investigate the evolution of microstructure in SDSS and DSS welds.
Welding parameters were logged by a weldlogger (ALXII RS from The Validation Center) sampling at 8 kHz. The current was measured with a current clamp meter, and the voltage was measured at the swan neck as close as possible to the contact tip. The welding speed was measured by dividing the length of the weld with welding time.
Microstructure analysis
Each cross section of the weld was ground and polished using an automatic polishing machine. Then, it was etched using two approaches:
& Electrolytical etching with 7% oxalic acid (4 V, 4 s) followed by 20% NaOH (2 V, 4 s). & Beraha's reagent (60 ml water, 30 ml HCl, 0.75 g potassium bisulphite) for 20 s Ferrite percentages were measured at the top, middle and bottom of the beads etched by Beraha's reagent using 7 measurements in each location (Fig. 3) . In addition, the locations 
Results
In this section welding parameters, weld geometry, welding thermal cycles and microstructure evolution are presented bead by bead.
Welding parameters
The welding parameters used for the fabrication of each bead are shown in Table 2 . The first bead was fabricated with slightly lower arc energy and 3.5-mm dimeter electrode aiming at having better control of the weld. The arc energy for the second pass was increased to completely cover the first bead. The final pass also had higher arc energy, produced by a lower welding speed, to cover the groove and complete the welding. To calculate the arc energy, three different methods were employed. In the first method (M1), the average welding current and voltage measured by the power source data. The following equation was employed to calculate the arc energy with this method:
where U 1 is the average welding voltage measure by power source, I 1 is the average welding current measured by power source and v is the welding speed.
The values for voltage and current in Table 2 are those given by the welding power source. In addition to the data obtained from the power source, voltage and current were also recorded by the weldlogger.
To more accurately estimate the arc energy, it was calculated from the logged data using two different approaches [29] . First, the average welding current and voltage measured by weldlogger were employed to calculate the arc energy.
where U 2 is the average welding voltage measure by weldlogger, I 2 is the average welding current measured by weldlogger and v is welding speed.
In the second approach, the voltage and current for each individual sample number were multiplied with each other and the average of the results was divided by the welding speed.
Here, i is the sample number, U i 2 is the voltage for sample i recorded by weldlogger, I i 2 is the current for sample I recorded by weldlogger, n is the total number of samples and v is the welding speed.
The details of these measurements for four passes are presented in Table 3 . Interestingly, M1, M2 and M3 show very little difference. 
Weld pool geometry and dilution
As discussed, it was aimed at investigating the weld bead by bead. Macrographs of the weld in the sections indicated in Fig.  2 are shown in Fig. 4 . It is obvious that the addition of new beads remelted some part of previous beads. For instance, by adding the fourth bead, some parts of the third and second beads as well as base metal were melted. The bead by bead analysis provided important information about the dilution of previous beads in the new bead. The following outputs of this study were calculated and are presented in Table 4 .
where D N is the dilution with BM in bead N, N is the bead number, BM N is the melted base metal area by bead number N, j is the number of previously deposited bead, D j is the dilution with BM in weld zone for bead j, A N is the total area of bead N in the as-deposited condition.
As an example, the D N formula is given for Bead 4 and the parameters are shown in Fig. 5 . Table 4 details the data obtained with image analysis about how the beads are interconnected. Twenty-five percent of the first bead consists of BM and adding the second bead remelted 45% of the first bead. In the second bead, 11% of the bead is from the adjacent BM, while 23% is from Bead 1. However, the real dilution with BM in Bead 2 is 17%, as the part of Bead 1 remelted into Bead 2 contained 25% BM. The dilution with BM decreased with increasing number of passes.
Thermal cycles
In this section, the thermal cycles recorded in the weld pool, as well as those recorded with thermocouples TC2, TC9 and TC11, are explained. The reason for the selection of these thermocouples was to study the top, right, left and bottom of the weld. The thermal cycles of thermocouples harpooned into beads 1 to 4 are shown in Fig. 6 . The peak temperature of the weld pool is expected to be inaccurate due to the noise caused by the arc, thermocouple temperature limit and rapid cooling after passing the arc. The comparison of weld pool thermal cycles for different passes shows that Pass 1 had the fastest and Pass 4 had the slowest cooling.
A typical approach to compare different thermal cycles is to measure the cooling time from 1200 to 800°C (Δt 1200-800 ) for each location. This cooling time for Pass 1 to Pass 4 is detailed in Table 5 . As also suggested from the curves, Δt 1200-800 increased from 3.5 to 5.6 s from Pass 1 to Pass 4.
The thermal cycle at the back side of the plate is shown in Fig. 7 . The highest peak temperature was 641°C, recorded after welding the first pass. The peak temperature decreased for the second and third pass but increased for the fourth pass. As it was not possible to measure the cooling time at higher temperatures than 400°C, the cooling time was measured for 400 to 300°C (Δt 400-300 ). As detailed in Table 5 , the cooling time increases by adding the second and forth pass but decreased in the third pass. To compare two sides of the weld, thermal cycles measured by thermocouples TC9 and TC11 are shown in Fig. 8 . TC9 is mostly affected by the third pass, but TC11 showed the maximum peak temperature for the fourth pass as expected. The maximum peak temperatures for TC9 and TC11 are not valid, as they were directly exposed to the arc. As may be seen, the influence of the fourth pass on TC9 is much larger than the effect of the third pass on TC11. A comparison of the first pass and second pass for TC9 and TC11 shows higher peak temperatures for TC9.
Microstructure evolution
In this section, the evolution of microstructure in the multipass weld zone is presented in some detail. The evolution of microstructure near the top side of the first bead in the as-welded and reheated condition is shown in Fig. 9 . The as-welded microstructure contains grain boundary, Widmanstätten and intragranular austenite. By adding the second pass, all austenite grains became coarser, but some very fine intragranular austenite grains disappeared. However, the influence of the third and fourth pass on the microstructure of the first bead is smaller than that of the second pass.
The microstructure in the middle of the first bead is shown in Fig. 10 . The initial microstructure was similar to that near the top of the first bead in the as-welded condition. However, adding the following beads clearly influenced the microstructure. In addition to coarsening of the primary austenite grains, secondary austenite grains also formed after adding the second bead. Similar to the top of the first bead, the third pass and fourth pass did not change the microstructure significantly.
The bottom of the first bead did not show any distinguishable change with the addition of the following beads. Further analysis is presented in the next section where phase fraction measurements were used to investigate this location.
Another location with an interesting evolution of microstructure is near the top of the second bead, as shown in Fig. 11 . The addition of the third bead increased the austenite fraction as expected. The austenite formation, however, is different from the reheated first bead. Similar to the reheated first bead, the austenite is formed by the growth of primary austenite and the formation of secondary austenite after adding the third bead. However, by the addition of the fourth bead, secondary austenite formed at some locations with coarsened austenite grains. In addition, some secondary austenite formed when applying Bead 3 and grew when applying As the third bead is located on the surface of the joint, its microstructure is more critical for corrosion resistance. The microstructure of the top side of this bead at different distances from the FB of the fourth bead is, therefore, shown in Fig. 12 . At some distance from the fourth bead, fine secondary austenite grains precipitated. The HAZ in the multipass weld also shows an interesting evolution of the microstructure, where the HAZ next to the first bead is explained as follow. The HAZ showed higher ferrite fractions in the as-welded condition compared with the base and weld metal. Three different locations in this reheated HAZ next to the first bead were studied in detail.
1-In the bottom, the HAZ did not show a significant change in the microstructure as it is far away from the fusion boundary of the upper bead. 2-In the middle, most changes in microstructure were observed. As shown in Fig. 13 , the reheating increased the austenite fraction. This location experienced intermediate peak temperatures. 3-Near the top, the austenite fraction did not change significantly on reheating. As it was close to the FB of the upper bead, it experienced higher peak temperatures compared with the other two locations.
In addition to ferrite and austenite, the distribution of nitrides in HAZ is shown in Fig. 14 . High fractions of nitrides formed after adding the first bead in HAZ (Fig. 14, aswelded) . After reheating with the second pass, three different zones formed. On the bottom of the reheated HAZ1, about the same distribution of nitrides but with a slight reduction in the fraction was observed (Fig. 14, B) . Most of the nitrides were dissolved by reheating in the middle of the bead (Fig. 14, M) . By contrast, near the top, the nitrides showed a distribution similar to that of the as-welded HAZ (Fig. 14, T) .
Another type of secondary phase was found in the second bead, as shown in Fig. 15 . Some areas in this bead showed traces of secondary phases as a result of reheating with the third and fourth passes. No traces of this type of phase were observed in other locations.
Ferrite fraction and ferrite number
The ferrite fraction in the top, middle and bottom of each bead was measured bead by bead and is presented in Fig. 16 . Details including the standard deviations and more information about ferrite fraction in HAZ are presented in Table 6 , The first bead showed the highest as-welded ferrite fraction (64%), while bead 3 and bead 4 showed the lowest Fig. 8 Thermal cycles recorded by TC9 and TC11 at the two sides of the weld Fig. 9 Microstructure in the top of the first bead in as-welded condition and after addition of the following beads. The austenite fraction increased by the addition of new passes, particularly the second pass. The main mechanism of austenite fraction increase is the growth of primary austenite as-welded ferrite fraction with about a 6% reduction compared with bead 1.
As shown in Fig. 16 , the as-welded microstructure has higher ferrite fractions than that in the reheated beads in all cases. In the first bead, the addition of the second bead significantly reduced the ferrite fraction. This reduction is most pronounced in the top and middle. Interestingly, the addition of the third bead reduced the ferrite fraction only in the bottom, but the fourth bead reduced the ferrite fraction in the top, middle and bottom of the first bead. In the second bead, the lowest ferrite fraction was obtained in the middle, but top and bottom showed almost similar ferrite fractions as those in the first bead although only reheated by two subsequent beads. The third bead was only reheated one time by the fourth pass but showed a reduction in ferrite fraction in particular in the bottom.
As detailed in Table 6 , HAZ1 (Fig. 3) was also affected by multipass welding; however, the trend of the changes is not as clear as for the weld zone. In the first bead, adding the second bead reduced the HAZ1 ferrite fraction about 8%. The following passes did not influence the ferrite fraction in HAZ1 of the first bead. For HAZ1 of the second bead, a similar behaviour was observed, where adding the third bead slightly reduced the ferrite fraction. In the third bead, reheating slightly increased the ferrite fraction; however, the change is within the range of standard deviation. It should be noted that as the number of micrographs was limited for HAZ1, a larger deviation and less reliability are expected for these results.
In HAZ2, the ferrite fraction did not show any obvious trend except next to the first bead, where it was reduced with increasing number of reheating cycles. In the table, the final ferrite fractions are highlighted. The average ferrite fraction in the weld metal is in the range of 48-58% and in HAZ1 between 54 and 63%. HAZ 2 was slightly more austenitic compared with the base metal with a ferrite fraction between 43 and 55%.
The ferrite number was measured using Fischer FERITSCOPE after the deposition of each bead, as detailed in Table 7 . A quite similar trend as for ferrite fraction measured by image analysis was seen by the addition of new beads. The ferrite fraction is lower in the as-welded condition for the later beads. The final ferrite number showed very similar values for the first three beads, but higher for the final bead as expected. This is in good agreement with final ferrite fraction values.
SEM analysis
SEM micrographs of the second bead reheated by Pass 3 and Pass 4 are shown in Fig. 17 . In addition to ferrite and austenite, sigma phase and slag inclusions were also found in the microstructure. Inclusions were distributed in both austenite and ferrite. Sigma phase, in contrast, was only observed at ferrite/austenite boundaries.
Discussion
Instrumented bead by bead welding
The multipass shielded metal arc welding of 2507 SDSS using 2509 filler metal was studied bead by bead. The build-up of beads and microstructural evolution were investigated using this technique. The instrumented welding made it possible to correlate the arc energy to thermal cycles for each pass. The details about the relationship between these will be discussed in the next sections.
Other important issues which were addressed by this technique were the measurement of welding parameters and the calculation of arc energy. The comparison of arc energies measured using the power source and the weldlogger data for each welding pass shows very similar arc energies. The maximum difference was for the first pass, where the weldlogger showed 0.05 kJ/mm lower arc energy than the power source. Comparison of arc energies calculated by the average voltage/current (M2) and simultaneous arc energy measurement (M3) verifies that the arc energy values did not differ for the different calculation methods in SMAW using DC current. The power source data could, therefore, be used for the calculation of the arc energy.
Dilution
In the present study, a geometrical technique was employed to measure the dilution in the multipass weld. Using this technique made it possible to track the remelting of the base metal and deposited beads by the following passes as well as the final fraction of the filler and base metal in the weld zone.
The BM dilution decreased in the third and fourth beads compared with the first bead. It was because other beads were also remelted by the following passes, causing less dilution with the surrounding BM into the weld. For instance, a comparison of Bead 3 and Bead 4 shows that although Bead 4 had higher arc energy and less amount of the as-deposited filler metal, it produced a bead with a lower BM dilution than the third bead. By considering the weld geometry, it can be seen that the third bead was surrounded by both the second bead and BM quite equally, whereas the fourth bead was mostly surrounded by the second and third beads. It, therefore, resulted in that only 7% of the adjacent BM was melted by the fourth pass, while the corresponding fraction was 16% for the third pass.
Thermal cycles
Arc energy and thermal cycles show an expected relationship in the weld zone, where the longest Δt 1200-800 was for the final pass with the maximum arc energy. The shortest Δt 1200-800 was for the first pass with the lowest interpass temperature, while it had the same arc energy as the third pass. Therefore, a higher interpass temperature reduced the cooling rates for the third bead with similar arc energy as for the first bead. Interestingly, Δt 1200-800 in Pass 2 was shorter than for Pass 3 although the arc energy was higher in Pass 2. A possible reason could be the geometry of the weld bead. In the second bead, the heat can be conducted by three sides. However, in the third pass, two sides of the weld was in contact with hot slag (and air) which would reduce heat transfer during cooling. Fig. 18 . For the back side thermocouples, Δt 400-300 followed a similar trend as the heat input. In this position, the peak temperature for Pass 4 is higher than for Pass 3. As the third and fourth beads were located symmetrically, the difference was the result of higher arc energy for Pass 4.
The measured thermal cycles at the locations of thermocouples TC9 and TC11 (Fig. 1) were affected differently by adding different beads, while they were expected to show As-welded 58 ± 1.4 58 ± 3.2 60 ± 0.9 58 ± 1.7 63 ± 3.6 48 ± 2 symmetric results for Pass 1 and Pass 2. A likely reason for the high peak temperature in the second pass is the asymmetric weld zone geometry. In addition, the placement of thermocouples could also have an influence. Another interesting observation is that the third pass did not impact TC11 significantly but Pass 4 influenced TC9 markedly. The reason for this observation is the welding sequence. The heat had to follow a long path from the third bead to TC11, as there was a gap between Bead 3 and TC11. By contrast, the heat could transfer from the third bead toward TC9 which made heat transfer more effective.
Microstructure and ferrite content
As may be seen in Tables 4, 5 and 6, with decreasing dilution and increasing cooling time, the microstructure becomes more austenitic in the as-welded condition. However, further investigations are needed to study the individual influence of each one on the ferrite fraction. This will be the subject of another study for single pass welds.
The ferrite fractions and ferrite numbers after each pass are summarised in Table 8 , which shows that reheating significantly reduced the ferrite content. The main reason for this reduction is the large difference between the equilibrium phase fractions and the as-welded condition. This promotes austenite precipitation during reheating to elevated temperatures. An interesting observation for both the first and the second bead was that the first following pass decreased the austenite fraction of the top and middle zones, while it had little influence on the bottom. However, the second and third following passes had a similar effect on all beads and sometimes even more ferrite fraction reduction was observed in the bottom. The reason for this observation can be explained by thermodynamics and kinetics. After the formation of a large amount of austenite with the first reheating in the top and the middle zones, the difference between the equilibrium and actual ferrite fraction decreased. This reduction was lower for the bottom zone; however, it is expected that the first reheating caused some partitioning in alloying elements and/or nucleation of austenite at the bottom. The second and third reheating passes, therefore, promoted the ferrite reduction in the bottom too even though the peak temperature was lower. This behaviour of the ferrite reduction, however, had a positive effect on the final ferrite fraction of the welds, as less variation was seen within each bead.
The ferrite content study using image analysis and ferrite number measured using FERITSCOPE showed very good agreement regarding the trend of the changes. The Ferrite number (FN) = 1.1 Ferrite fraction (%) formula, introduced in a previous study [30] , was employed to compare values. The relationship between predicted and measured ferrite numbers in the different beads is detailed in Except for the first bead reheated by the third pass, showing a 12% RDFN, the RDFN was less than 7%. Interestingly, RDFN for the final ferrite numbers was below 5%.
The precipitation of sigma phase is an important phenomenon occurring in the second bead. The SEM micrographs showed the precipitation of sigma phase after reheating by the third and fourth pass. Interestingly, this occurred even though recommended heat input and interpass temperature were followed to minimise the risk of sigma phase precipitation.
HAZ1 showed an interesting sinusoidal behaviour considering the nitride and austenite fractions. In the as-welded condition, nitride and austenite distributions were similar along the fusion boundary. Different distributions of ferrite and nitrides the HAZ of Bead 1 can be explained as follows (see Fig.  3 ). Nitrides precipitated during rapid cooling from a high peak temperature [31] , while austenite fraction is far away from equilibrium fraction. By reheating to temperatures of about 800-1200°C, more equilibrium austenite can form and nitrides are dissolved. At very high temperatures (above 1250°C), however, the HAZ contained a high ferrite fraction during heating and the situation became similar to the asdeposited condition. Therefore, during reheating to the high peak temperatures, nitrides were dissolved during heating and re-precipitated during cooling. At very low peak temperatures (below 700°C), by contrast, the diffusion was slower than at higher temperatures and little dissolution of nitrides could occur. It should be noted that nitrides are stable at temperature below 1000°C in SDSS; however, the fraction was expected to be less than observed in HAZ1, as they formed due to rapid cooling causing supersaturation of nitrogen in ferrite.
Microstructural map
A schematic microstructural map of the multipass SDSS weld is shown in Fig. 19 . The colours only show prominent phenomena. The uncoloured area did not show significant microstructural changes compared with the un-reheated initial condition, which is hot-rolled for the BM and as-welded for the weld zone. Reheating resulted in the formation of different regions in the material and the degree of changes increased with increasing the number of welding passes. The as-welded microstructure was affected by the number of passes and peak temperature. One time reheating to temperatures between 1100 and 1250°C causes primary ferrite growth. Reheating to lower temperatures, 800-1100°C, mostly results in formation of secondary austenite with some growth of primary austenite. Multiple heating cycles to these two peak temperature ranges result in similar microstructures but a more pronounced effect. Some locations, however, experience both of the above-mentioned peak temperature ranges. Therefore, they have microstructures with a mixture of coarsened primary austenite and coarsened or fresh secondary austenite (some locations in the second bead). As may be seen in Fig. 19 , the top of the third bead contained secondary austenite which may influence the corrosion resistance adversely. In addition to different austenite formation behaviours, there is a risk of sigma phase precipitation in the second bead reheated two times. In HAZ1, as explained, reheating also changes the aswelded microstructure with austenite formation and nitride dissolution where reheated to between 800 and 1200°C.
Conclusions
The welding parameters, thermal cycles, weld pool geometry, dilution, microstructure and ferrite fraction evolution were studied for multipass shielded metal arc welding of a 13-mm V-grooved type 2507 plate. Thermal cycles were recorded using several thermocouples and welding parameters were logged with a weldlogger as well as recorded by the power source. Dilution was measured using a geometrical approach, ferrite content measurement was done by image analysis and Fischer FERITSCOPE, and microstructure was analysed with optical microscopy and SEM.
1-Three methods employed for arc energy calculations, using weldlogger and power source data, showed very similar values. 2-Thermal cycle analysis showed that heat input, weld metal geometry and sequence of welding will influence the resulting thermal cycles. 3-The dilution was highest (25%) for the first bead, but remained quite constant (16-18%) for the following beads. 4-Reheating, one or multiple times, promoted austenite formation mainly by the growth of primary austenite for higher peak temperature (about 1100-1250°C) and precipitation of secondary austenite for lower peak temperatures (about 800-1110°C). Multiple reheating to different peak temperatures produced a microstructure with both coarsened primary austenite and precipitated and/or coarsened secondary austenite. 5-As-welded HT-HAZ contained high fractions of ferrite with nitrides. Reheating introduced a varying austenite Fig. 19 Microstructural map of a multipass SDSS weld. The formation and dissolution of austenite and secondary phases are affected by peak temperature and the number of reheating passes fraction and nitride dissolution in HAZ along the fusion boundary. The region reheated to the peak temperatures of about 800-1200°C showed the lowest ferrite and nitride fractions. 6-Sigma phases precipitated in the second bead after reheating by the third and fourth passes in a region experiencing multiple reheating to temperatures about 800-1000°C. 7-After depositing all four beads the weld zone contained 48-51% ferrite in the reheated beads and 58% in the last bead. Reheating by one additional weld pass increased austenite fraction unevenly, but deposition of additional passes decreased ferrite content variations.
8-Ferrite content measured with image analysis and Fischer
FERITSCOPE showed a very good agreement using the Ferrite number (FN) = 1.1 Ferrite fraction (%) formula.
